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Hydrophobic nanocrystals with various shape, size, and chemical composition were successfully 
functionalized by poly(amino acid) with one particle per micelle without aggregation or precipitation via a 
facile, general, and low-cost strategy. Via simply tuning the pH value, multifunctional nanocomposites 
consisting of different nanocrystals were also fabricated. Due to the poly(amino acid) coating, these 
nanocrystals are highly water-stable, biocompatible, and bioconjugatable with chemical and biological 
moieties. Meanwhile, their shape, size, optical/magnetic properties are well retained, which is highly 
desirable for bioapplications. This developed strategy presents a novel opportunity to apply hydrophobic 
nanocrystals to various biomedical fields. 

I norganic nanocrystals (INCs) with excellent optical and magnetic properties, good crystallinity, controllable 
I size, and uniform shape, have been successfully synthesized in organic solvents 1 " 4 . However, due to the 
I hydrophobic surface 5 " 7 , their bioapplications are greatly limited. So, surface functionalization of these INCs 
is prerequisite for biomedical applications, not only to render them reasonably water dispersible and biocompa- 
tible, but also to provide active sites for subsequent functional conjugation with biological or chemical moie- 
ties 8 " 14 . In some cases, small particle size and good water-stability of the nanobiotag is highly expected especially 
for the intracellular tracking of biomolecules 515 " 18 . Therefore, the particle size, shape, and optical/magnetic 
properties should be kept unchanged after the functionalization. To date, ligand exchange is still a general way 
to tailor the surface of hydrophobic INCs 19 " 21 , especially for quantum dots (QDs) 17 ' 22 , although it often compro- 
mises the luminescence efficiency and photochemical stability due to the detachment of small molecule ligands 
from the surface of the luminescent nanoparticles (NPs). To increase the binding stability, multidentate ligands 
were used to functionalize the quantum dots (QDs) 23 " 25 . Silanization, another coating method, is highly repro- 
ducible and can be applied to various NPs 18,26,27 , but it is time-consuming and the particle size has obvious increase 
after silica coating. In addition, encapsulation with amphiphilic polymers 12 ' 28 " 30 and lipids 15,31 ' 32 is another strategy 
for the functionalization of hydrophobic INCs, but the amphiphilic block polymer is usually synthetic and thus its 
biocompatibility 8 and biodegradability need further improvement. Based on the oil phase evaporation-induced 
self-assembly, hydrophobic INCs were successfully transferred into hydrophilic nanospheres 33 " 38 . Sometimes, the 
surfactants such as triton TX-100 39 and cytotoxic hexadecyltrimethy ammonium bromide (CTAB) are usually 
necessary. The large particle size and cytotoxicity partly limit the biomedical applications of these nanocompo- 
sites 40 ' 41 . Therefore, it would be of particular interest to develop a facile and general strategy to embed the 
hydrophobic INCs with various shape, size and chemical composition into biomacromolecule micelles with 
one particle per micelle, little increase of hydrodynamic size, and well retained optical/magnetic properties. 

Results 

Herein, we report a facile and general strategy to functionalize hydrophobic INCs with various shape, size and 
chemical composition (Figure 1). It is notable that, thanks to its super biocompatibility, negligible side effects, and 
inappreciable antigenicity in the human body, polyaspartic acid (PASP), a poly- (amino acid), has become a new 
type of water-soluble and biodegradable functional material for drug delivery and encapsulation of NPs 42 " 45 . Due 
to the poly (amino acid) coating, these nanocrystals are highly water- stable, biocompatible, and bioconjugatable 
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Figure 1 | Scheme for the fabrication of individual NPs (top) and multifunctional nanocomposites (bottom) with hydrophilic and biocompatible 
surface employing poly( amino acid) as coating agents by simply tuning pH value. OA: oleic acid; NP: nanoparticle; PSI 0 Am- oleylamine-modified 
poly-succinimide. 



with chemical and biological moieties. Meanwhile, their shape, size, 
optical/magnetic properties are well retained, which is highly desir- 
able for bioapplications 46,47 . 

As shown in Figure SI, the lactam ring in the poly-succinimide 
(PSI) chain is easily opened via aminolysis by oleylamine to form 
PASP derivatives with a side-chain functional group, and followed by 
hydrolysis of the remaining succinimide units in the PSI backbone in 
alkaline aqueous solution. Herein, 30% succinimide units in PSI were 
aminolysed by oleylamine to form PSI 0 Am that is soluble in chlo- 
roform but not in water. To transfer the hydrophobic INCs into 
water, the mixture chloroform solution containing PSI 0 Am and 
hydrophobic INCs was mixed with NaOH aqueous solution by 
means of ultrasonication. The hydrophobic nanocrystal was then 
encapsulated in the amphiphilic PSI Q Am micelle, forming the oil- 
in-water (O/W) emulsion (Figure 1). After the evaporation of chlo- 
roform, hydrophilic and individual nanocrystal was obtained. 
During this process, the PSI 0 Am tends to assemble onto the indi- 
vidual hydrophobic INC surface as a thin layer through van de Waals 
interaction between alkyl chains of oleylamine in PSI 0 Am an d oleic 
acid on hydrophobic NPs (Figure S2). Meanwhile, after hydrolyza- 
tion under basic conditions, the carboxylic groups in the PSI 0 Am 
render the INCs not only highly water stable but also bioconjugatable 
with chemical and biological moieties. To testify the feasibility of this 
method, hydrophobic noble metal (Ag, ~8 nm), quantum dots 
(ZnS:Mn 2+ , ~7 nm), magnetic oxides (Fe 3 0 4 , —11 nm), downcon- 
version (DC) (LaF 3 :Ce 3+ /Tb 3+ , —10 nm), and upconversion (UC) 
luminescence fluorides (NaYF 4 :Yb 3+ /Er 3+ , —14 nm) were trans- 
ferred into water, respectively. As shown in Figure 2, all the hydro- 
phobic NPs with various shape, size and chemical composition were 
successfully encapsulated into the PSI 0 Am-COO" micelle with one 
particle per micelle. From the transmission electron microscopy 
(TEM) images, it is clear that the particle size and shape have no 
obvious change after the surface modification, and no aggregation 
can be observed. Also, hydrophobic NaYF 4 :Yb 3+ /Er 3+ (—29 nm) 
nanorods and YP0 4 (—36 nm) nanoplates have been successfully 
encapsulated (Figure S3). Moreover, as shown in the photos of 
Figure 2, the properties including luminescence and magnetism were 
well maintained after functionalization. 

For the fabrication of mono- or multi-components nanocompo- 
sites (NCs), we construct a larger micelle containing plenty of NPs in 
spite of their composition by only decreasing the concentration of 
OH" and thus the ratio of hydrophilic to hydrophobic groups, i.e. the 
ratio of carboxyl to oleylamine (OAm) in the PSI 0 Am chain. Thanks 
to the decreasing of hydrophilic segments in the PSI 0 Am chain, after 
evaporating the chloroform, the hydrophobic NPs are forced to 
assemble densely into a nanosphere coated with PSI 0 Am and keep 



stable in water. In this work, as representatives, ZnS:Mn 2+ , 
ZnS:Mn 2+ -NaYF 4 :Yb 3+ /Er 3+ , and ZnS:Mn 2+ -Fe 3 0 4 NCs were con- 
structed to verify the generality of this fabrication technology. As 
shown in the TEM images of Figure 3, the as-prepared NCs are 
spheric in shape with the size of 100-200 nm. Compared to the 
darker contrast of inorganic NPs, the polymer shell with a low con- 
trast can be observed clearly. After the formation of ZnS:Mn 2+ NCs, 
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Figure 2 | TEM images (1, 2, 3) and photographs (4, 5) of the inorganic 
nanocrystals before (1,4) and after (2, 3, 5) surface modification. 

Photograph 4 and 5: the top layer is water and the bottom layer is 
chloroform; a) daylight; b, d) 254 nm UV light; c) daylight and magnet; 
e) 980-nm diode laser, (a) Ag; (b) ZnS:Mn 2+ ; (c) Fe 3 0 4 ; (d) LaF 3 :Ce 3+ / 
Tb 3+ ; (e) NaYF 4 :Yb 3+ /Er 3+ . TEM image: image 3 is the image of 2 with 
larger magnification. 



SCIENTIFIC REPORTS | 3 : 2023 | DOI: 1 0.1 038/srep02023 



2 




Figure 3 | TEM images of (a) ZnS:Mn 2+ , (b) ZnS:Mn 2+ -NaYF 4 :Yb 3+ /Er 3+ 
and (c) ZnS:Mn 2+ -Fe 3 0 4 NCs. (d) X-ray diffraction (XRD) pattern of 
ZnS:Mn 2+ -NaYF 4 :Yb 3+ /Er 3+ NCs. Insets: Digital photos of the NCs 
dispersed in water under irradiation. The top and bottom layer are water 
and chloroform, respectively, a) 254 nm UV light; b) 254 nm UV light and 
980 nm NIR laser; c) 254 nm UV light and external magnet on the right 
side of the cuvette. 

the orange fluorescence of ZnS:Mn 2+ is preserved very well (inset of 
Figure 3a). For the ZnS:Mn 2+ -NaYF 4 :Yb 3+ /Er 3+ NCs, both the 
orange fluorescence of ZnS:Mn 2+ and the green upconversion lumin- 
escence of NaYF 4 :Yb 3+ /Er 3+ can be observed under the irradiation of 
both UV light (254 nm) and NIR (980 nm) diode laser (inset of 
Figure 3b), rendering the NCs desirable for DC-UC dual-modal 
luminescence imaging application. However, for the ZnS:Mn 2+ - 
Fe 3 0 4 fluorescent-magnetic NCs, due to the absorption of black 
magnetite, the NCs demonstrate dull-red fluorescence. These NCs 
are easily drawn to the side wall when an assistant magnet is adjoined 
to the cuvette (inset of Figure 3c). The composition of the ZnS:Mn 2+ - 
NaYF 4 :Yb 3+ /Er 3+ NCs is not only characterized from the TEM image 
and dual-modal luminescence but also identified by the X-ray dif- 
fraction (XRD) results show in Figure 3d. The results indicate that 
the current method is also useful for the fabrication of multifunc- 
tional NCs and is highly desirable for the preparation of barcode 
microbeads for multimodal imaging. 

Discussion 

The poly( amino acid) coating was characterized with FITR (Figure 4). 
The characteristic peaks of lactam ring around 1789 and 1708 cm" 1 
for D(c=o) were observed on PSI 0 Am (Figure 4b), but weaken on the 
surface of NaYF 4 :Yb 3+ /Er 3+ @PSI OA m-COCr (Figure 4c), because 
most of the lactam ring were hydrolyzed to carboxylic groups, in 
agreement with the peak of 1712 cm" 1 for NaYF 4 :Yb 3+ /Er 3+ @ 
PSIoAm-COO" (Figure 4c). The other vibration peaks in spectrum 
c (Figure 4c) are in accordance with those in b (Figure 4b), indicating 
that the PSI 0 Am have been coated onto the nanoparticles. The char- 
acteristic vibration adsorption peaks of lactam ring and carboxylic 
group can not be observed from spectrum a (Figure 4a), further 
suggesting the PSI 0 Am _ COO" coating is successful. 

The dynamic light scattering (DLS) results indicate that the par- 
ticle size of NaYF 4 :Yb 3+ /Er 3+ and ZnS:Mn 2+ NPs has no obvious 
change before (NaYF 4 :Yb 3+ /Er 3+ NPs 19.2±2.9 nm; ZnS:Mn 2+ 
NPs 8.2±2.0 nm in cyclohexane) and after (NaYF 4 :Yb 3+ /Er 3+ NPs 
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Figure 4 | FTIR spectra of the (a) oleic acid (OA)-coated NaYF 4 :Yb 3+ / 
Er 3+ , (b) PSI OA m> and (c) NaYF 4 :Yb 3+ /Er 3+ @PSI OA m-COCr. 

22.0±4.3 nm; ZnS:Mn 2+ NPs 9.8±3.0 in water) the encapsulation 
(Figure 5). The slight increase in the particle size can be attributed to 
the PSIoAm coating. The results indicate that no aggregation is 
formed after the encapsulation, and each PASP micelle has only 
one particle, which is very important for intracellular tracking of 
biomolecules. 

In order to investigate the potential biomedical applications of the 
individual NaYF 4 :Yb 3+ /Er 3+ NPs and ZnS:Mn 2+ NPs as candidates 
of luminescent bio-tags, we first examine their cytotoxicity by the 
MTT cell proliferation assay. As shown in Figure 6, when incubated 
with 100 |ig/mL of NaYF 4 :Yb 3+ /Er 3+ NPs or ZnS:Mn 2+ NPs for 24 h, 
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Figure 5 | Size distribution profiles obtained by dynamic light scattering 
(DLS) for NaYF 4 :Yb 3+ /Er 3+ and ZnS:Mn 2+ before (left, in cyclohexane) 
and after (right, in water) the surface modification. 
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Figure 6 | Cell viability tests of surface functionalized NaYF 4 :Yb 3 
after incubation for 24 (black) and 48 h (red), respectively. 



7Er 3+ NPs (a) and ZnS:Mn 2+ NPs (b) on HeLa cell line at different concentration 



the viability of HeLa cells was still over 94% and 90%, respectively. 
Even though the concentration is up to 300 |ig/mL, over 80% cells are 
still alive after incubation for 48 h, suggesting a very good biocom- 
patability of the INPs after surface modification. 

To render the luminescent NPs specifically recognize the over- 
expressed receptor of folic acids (FA) on the HeLa cells 48 , these 
two kinds of NPs were bioconjugated with FA before incubation with 
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Figure 7 | Confocal luminescence imaging of HeLa cells stained with (a) 
NaYF 4 :Yb 3+ /Er 3+ @PSIoAm-COO- NPs, (b) NaYF 4 :Yb 3+ /Er 3+ @PSI 0 Am- 
COO"@FA NPs, (c) ZnS:Mn 2+ @PSI OA m-COO- NPs and (d) ZnS:Mn 2+ @ 
PSI OA m-COO~(S)FANPs. Particle concentration: 100 ug/mL. Irradiation: 
(a2, b2) 980 nm for NaYF 4 :Yb 3+ /Er 3+ ; (c2 and d2) ~360 nm for 
ZnS:Mn 2+ . 



the cells for luminescence imaging. Figure 7 depicted the imaging 
results of the HeLa cells incubated with individual NaYF 4 :Yb 3+ /Er 3+ 
and ZnS:Mn 2+ NPs, respectively. As can be seen from these images, 
the FA-conjugated NPs could specifically label the HeLa cells 
(Figure 7 b and d). As a control, even incubated with the cells via 
the same recipe as above, the bare NPs without FA, could not stain 
the HeLa cells in spite of their hydrophilic surface (Figure 7a and c). 
Interestingly, strong green UC emission was only observed from the 
cell membrane (Figure 7b3), indicating that no nonspecific binding 
on the cell membrane and endocytosis of NPs has happened. On the 
other hand, red signal (Figure 7d3) is from DC fluorescence of 
ZnS:Mn 2+ (Figure 7d2), further revealing the specific grafting of 
NPs onto the cell surface. Owing to their small hydrodynamic size 
and good dispersibility, NPs distributed homogeneously on the cell 
surface, which have the similar dying effect as cytomembrane dyes. 

In summary, we have successfully developed a facile, general, and 
low cost strategy for the surface functionalization of hydrophobic 
INCs with various shape, size, and chemical composition via poly 
(amino acid) coating. This functionalization has no obvious effects on 
the size, shape, and optical/magnetic properties of the INCs. By sim- 
ply tuning the pH value, this novel strategy has also been successfully 
applied for the fabrication of multifunctional nanocomposites. The 
functionalized NPs are highly water stable, biocompatible, and bio- 
conjugatable. The cell imaging results demonstrated that these poly(- 
amino acid) coated NPs are of great potential for biomedical 
applications. The current work paves the way to the surface modi- 
fication of hydrophobic NPs, which will draw great interests from the 
fields of chemistry, materials, nanobiotechnology, and nanomedicine. 

Methods 

Preparation of PSI 0 Am- 1-6 g of polysuccinimide (PSI) was dissolved in 32 mL of N, 
N-Dimethylformamide (DMF) at 60°C under magnetic stirring followed by the 
addition of oleylamine (1.63 mL). The mixture was treated at 100°C for 5 h before 
cooling to room temperature. Then methanol (80 mL) was added to precipitate the 
product (PSIoAm)- Finally, the PSI 0 Am was redispersed into chloroform to get a stock 
solution with concentration of 190 mg/mL after centrifugation and then evaporating 
the trace amount of residual methanol. 

Fabrication of hydrophilic individual NPs and multifunctional nanocomposites. 
Taking NaYF 4 :Yb 3+ /Er 3+ NPs as an example, into 10 mL of NaOH (5.0 mM)ee 
aqueous solution, 1.0 mL of mixture chloroform solution of PSI 0 Am (38 mg) and 
NaYF 4 :Yb 3+ /Er 3+ NPs (5.0 mg) was added under ultrasonication (350 W, 6 min) 
and stirring. Subsequently, the chloroform was removed by evaporating at 55°C for 
30 min. The hydrophilic nanocrystals were collected and purified by centrifugation at 
11000 rpm for 20 min and redispersed into water (3 mL). It should be mentioned 
that the dosage of different NPs is tuned according to the size of NPs. Generally, small 
NPs need more PSI 0 Am due to their larger specific surface area. For the nanocom- 
posites, taking ZnS:Mn 2+ -NaYF 4 :Yb 3+ /Er 3+ NCs as an example, into 10 mL of NaOH 
(0.5 mM) aqueous solution, 1.0 mL of chloroform colloidal solution containing 
PSIoAm (38 mg), ZnS:Mn 2+ NPs (7 mg) and NaYF 4 :Yb 3+ /Er 3+ NPs (2.5 mg) was 
added under ultrasonication (350 W, 6 min) and stirring. Then the obtained NCs 
was purified and collected as above. Moreover, the molecular weight (M w ) of 
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PSIoAm-COOH (after aminolysis and hydrolysis) was 7958 with a Polydispersity 
(PD) of 1.03, which was determined by a 4800 Plus MALDI TOF/TOF mass 
spectrometer (Figure S4). 
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